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Abstract
Introduction: Key populations including female sex workers (FSW) and men who have sex with men (MSM) bear a dispropor-
tionate burden of HIV. However, the role of focusing prevention efforts on these groups for reducing a country’s HIV epidemic
is debated. We estimate the extent to which HIV transmission among FSW and MSM contributes to overall HIV transmission
in Dakar, Senegal, using a dynamic assessment of the population attributable fraction (PAF).
Methods: A dynamic transmission model of HIV among FSW, their clients, MSM and the lower-risk adult population was parame-
terized and calibrated within a Bayesian framework using setting-specific demographic, behavioural, HIV epidemiological and
antiretroviral treatment (ART) coverage data for 1985 to 2015. We used the model to estimate the 10-year PAF of commercial
sex between FSW and their clients, and sex between men, to overall HIV transmission (defined as the percentage of new infec-
tions prevented when these modes of transmission are removed). In addition, we estimated the prevention benefits associated
with historical increases in condom use and ART uptake, and impact of further increases in prevention and treatment.
Results: The model projections suggest that unprotected sex between men contributed to 42% (2.5 to 97.5th percentile
range 24 to 59%) of transmissions between 1995 and 2005, increasing to 64% (37 to 79%) from 2015 to 2025. The 10-year
PAF of commercial sex is smaller, diminishing from 21% (7 to 39%) in 1995 to 14% (5 to 35%) in 2015. Without ART, 49%
(32 to 71%) more HIV infections would have occurred since 2000, when ART was initiated, whereas without condom use since
1985, 67% (27 to 179%) more HIV infections would have occurred, and the overall HIV prevalence would have been 60% (29
to 211%) greater than what it is now. Further large decreases in HIV incidence (68%) can be achieved by scaling up ART in
MSM to 74% coverage and reducing their susceptibility to HIV by two-thirds through any prevention modality.
Conclusions: Unprotected sex between men may be an important contributor to HIV transmission in Dakar, due to subopti-
mal coverage of evidence-informed interventions. Although existing interventions have effectively reduced HIV transmission
among adults, it is crucial that further strategies address the unmet need among MSM.
Keywords: population attributable fraction; HIV; female sex workers; men who have sex with men; clients; condom use;
key populations
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1 | INTRODUCTION
Key populations (KP) such as female sex workers (FSW) and
men who have sex with men (MSM) bear a disproportionate
burden of HIV [1-5]. The HIV-associated vulnerabilities experi-
enced by KP are thought to play an important role in the trans-
mission of HIV in low HIV prevalence settings, but less so in
settings with generalized HIV epidemics. Existing analyses sug-
gest that FSW and their clients contribute less than 30% [1,3]
and 10% [6] of prevalent HIV infections among adults in sub-
Saharan Africa (SSA), respectively, although these analyses only
considered the proportion of prevalent infections that were
among clients or FSW. In addition, recent reviews of the
UNAIDS Modes of Transmission (MOT) model [7,8] suggest that
the role of KP is small in SSA, with the cumulative percentage of
new annual infections due to KP generally being less than 25%.
These estimations of the role of KP to HIV epidemics do
not incorporate the full chain of transmission originating from
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KPs, such that a male who becomes infected by another male
could then infect a female, resulting in the initial male not only
contributing to the MSM HIV epidemic but also the hetero-
sexual epidemic. Indeed, for commercial sex, these analyses
conflict with emerging dynamic modelling analyses suggesting
that >90% of all HIV transmissions to date are directly or
indirectly due to sex work in the low-to-moderate prevalence
HIV epidemics of Burkina Faso, Cote d’Ivoire and Benin, and
over 65% in the higher-prevalence HIV epidemic in Kenya
[9-14]. These analyses challenge the conventional wisdom and
existing epidemiological tools such as the MOT model. In con-
trast, two recent studies for Nigeria and Cote d’Ivoire suggest
MSM contribute little (<10%) to these HIV epidemics [14,15].
This is despite MSM experiencing a high HIV burden [4,16,17]
and engaging in sexual partnerships with women, so contribut-
ing bridging infections to the wider population [18]. Limita-
tions in existing evidence emphasizes the urgent need to
improve our estimates of the contribution of KP to HIV epi-
demics in SSA; this basic epidemiological measure is crucial
for prioritizing HIV programming.
Senegal has a low HIV prevalence among adults (0.4% in
2016) [19], thought to be due to a comprehensive response
to the epidemic [20]. Nevertheless, the HIV burden among KP
is much higher (5.9% in FSW and 29.7% in MSM in 2016)
[21-27]. Despite the low prevalence of HIV in the adult popu-
lation and high prevalence among KP, current estimates sug-
gest that commercial sex and sex between men contribute
little (<15%) to existing HIV transmission in Senegal [3,8],
although these estimations were limited as they did not incor-
porate the dynamic aspect of transmission.
To remedy these limitations, we undertook a dynamic model
assessment of the contribution of commercial sex and sex
between men to HIV transmission in Dakar, Senegal. We also
estimated the impact of historical increases in the coverage of
antiretroviral therapy (ART) and condom use among KP, and
the potential impact of further uptake of prevention and treat-
ment interventions.
2 | METHODS
2.1 | Model description
We developed a dynamic HIV transmission model to evaluate
the extent to which FSW, clients of FSW (referred to as cli-
ents hereafter) and MSM contribute to the overall HIV epi-
demic in Dakar, Senegal. The model did not include people
who inject drugs because of their low prevalence in Dakar
(<0.07% of the adult population [28]). The model considers
adults (15 to 49 years), and divides the population into six
sub-populations: low-risk females and males, clients, FSW,
young MSM (<30 years) and old MSM (≥30 years) (Figure 1).
Transgender women (TGW) were not explicitly included in the
model because of insufficient data to parameterize this risk
population. Low-risk individuals are defined as people who are
not MSM and do not report commercial sex.
Individuals enter the modelled population in the low-risk
groups when they become sexually active, at a rate that bal-
ances non-HIV deaths and reflects population growth. Low-
risk males and females can become clients and FSW at speci-
fied rates, with both practising commercial sex for an average
duration. Similarly, MSM transition from the low-risk male
population, and age from the young to the old MSM group,
but remain as MSM until death.
The model captures HIV transmission among the sub-popu-
lations through vaginal and anal sex (VI and AI, respectively)
between all males and females, and AI within the MSM group
(Figure 1). The model stratifies the population with respect to
HIV infection and disease progression (Figure 1b). Upon infec-
tion, susceptible individuals acquire acute HIV infection
before progressing to chronic infection. Chronically-infected
individuals experience HIV-related mortality, but can also be
recruited onto ART, which reduces HIV-related mortality. Indi-
viduals on ART can be lost to follow up, whereupon they
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Figure 1. Model schematic illustrating the (a) movement of indi-
viduals in and out of different sub-populations (male and female
low-risk, clients, female sex workers (FSW), younger and older
men who have sex with men (MSM), (b) stratification of the pop-
ulation with respect to HIV infection and (c) sexual interactions
which can result in HIV transmission among female, male, FSW,
their clients and MSM. Blue arrow in Figure 1c shows com-
mercial sex and all other arrows show sex with main and casual
partners.
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return to the chronic infection stage. All sub-populations also
experience non-HIV-related death.
The model incorporates HIV transmission due to main, casual
and commercial sexual partnerships. Commercial partnerships
occur between FSW and their clients, while main and casual
partnerships between men only occur among MSM. All other
heterosexual main and casual partnerships occur between all
groups. The risk of HIV transmission for each individual is
related to the HIV prevalence of their sexual partners, with the
HIV transmission risk being elevated if they have acute infec-
tion, and reduced if they are on ART. Transmission risk is also
related to the frequency of sex between different partnerships
and is reduced through condom use. The consistency of condom
use is time dependent and varies by type of partnership. The
model assumes some males are circumcised, which reduces the
risk of HIV acquisition. We assume heightened transmission risk
in the initial stages of an HIV epidemic to capture the effects of
risk heterogeneity. The model is described in Data S1.
2.2 | Model parameterization and calibration
Recent model parameter and calibration data for FSW, clients
and MSM were obtained from three integrated behavioural and
biological assessment (IBBA) surveys undertaken in Dakar,
Senegal, from 2015 to 2016 [25] (client data are unpublished).
Sexual behaviour data related to FSW, clients and MSM came
from these surveys. The survey used to parameterize the MSM
component of the model also included some TGW.
In addition, older IBBA surveys were used to determine
whether risk behaviour has changed over time, and how the
HIV epidemic in different risk groups has evolved. Importantly,
this included trends in condom use for different risk groups.
However, differences in the behavioural measures used made
it difficult to evaluate how behaviours changed over time, and
so uncertainty was incorporated into those trends. Adult pop-
ulation HIV-related epidemiological and sexual behaviour data
were obtained from the Demographic Health Surveys (DHS)
for 2005 and 2010 [29,30]. Table S1 gives a summary of
IBBA surveys used in the modelling, while the model parame-
terization is summarized in Table 1 and included in full in
Table S2.
Based on data from numerous FSW and client IBBA surveys
between 1985 and 2016 [26,31-36], and national data on
increases in condom distribution between 1988 and 1997
[37], condom use during commercial VI sex between FSW and
their clients (Figure 2a) was assumed to increase from negligi-
ble levels in 1985 [33], up to a high stable level from 1998
onwards between 54 and 90% [24,26,34]. This large range
was based on the difference between client- and FSW-
reported condom use estimates in 2015 to 2016. Similarly,
based on data from MSM IBBA surveys, condom use in last
sex act for male partners of MSM was assumed to be negligi-
ble in 1985, low (10% to 30%) in 2001 [38], up to 70 to 85%
by 2003 to 2007 [22,39,40] and constant thereafter
(Figure 2b) (2016 survey). The Data S1 and Figure S1 include
further details on the condom use assumptions.
Table 1. Parameters used for female sex workers (FSW), their clients and men who have sex with men (MSM) in 2016
Model parameter FSW Clients Young MSM (<30 years) Old MSM (≥30 years)
Size estimates (% of adult
women or men)
0.5% (0.3 to 0.9%) 5.1% (1.8 to 12.1%) 1.2% (0.8 to 2.3%)
HIV-1 prevalence 5.9% (1.8 to 10.0%) 1.2% (0.5 to 2.4%) 28.6% (19.8 to 37.5%)a 37.0% (14.8 to 59.2%)
Level of viral suppression in
individuals living with HIV
73.7% (60.9 to 84.2%) NA 35.4% (23.9 to 48.2%)
Frequency of partners per year
Commercial (FSW/Clients) 516.4 (368.2 to 691.2)b 69.6 (62.4 to 78.0) – –
Main heterosexual 0.58 (0.47 to 0.73) 1.9 (1.3 to 2.6) 0.88 (0.39 to 1.5) 0.88 (0.39 to 1.5)
Casual heterosexual 0.96 (0.48 to 1.6) 0.6 (0.15 to 1.4) 2.3 (0.55 to 5.1) 2.3 (0.55 to 5.1)
Main (MSM sex) – – 0.71 (0.59 to 0.83) 0.71 (0.59 to 0.83)
Casual (MSM sex) – – 5.4 (2.5 to 9.2) 4.8 (1.3 to 9.2)
% of commercial sex acts that are analc 4.1% (2.1 to 6.5%) 5.1% (3.8 to 6.5%)
Frequency of vaginal sex acts per year
Main heterosexual partners 98.3 (78.5 to 117.5) 97.3 (73.6 to 124.6) 65.3 (56.2 to 74.4) 65.3 (56.2 to 74.4)
Casual heterosexual partners 6.2 (4.2 to 8.2) 3.8 (2.1 to 5.9) 4.5 (2.6 to 6.4) 4.5 (2.6 to 6.4)
Frequency of anal sex acts per year
Main heterosexual partners 9.9 (3.6 to 15.6) 6.6 (3.4 to 11.1) 5.2 (1.6 to 9.4) 5.2 (1.6 to 9.4)
Casual heterosexual partners 0.49 (0.12 to 1.2) 0.33 (0.097 to 0.75) 0.52 (0.04 to 1.0) 0.52 (0.04 to 1.0)
Frequency of anal sex for men with men per year (MSM sex)
Main partnerships of MSM – – 105.6 (91.0 to 120.6) 105.6 (91.0 to 120.6)
Casual partnerships of MSM – – 7.6 (6.7 to 8.2) 15.2 (13.2 to 16.4)
NA denotes not available.
aAlternative IBBA survey from 2014 suggests lower HIV prevalence of 13.3% (9.7 to 17.4%).
bUncertainty range widened based on different estimates from the 2016 survey and earlier surveys.
cThe rest are vaginal.
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Senegal population size estimates for 1980 to 2020 and
gender-specific death rates were obtained from UNDP [41],
with population growth rates being fit to this data. Population
size estimates for FSW and MSM were produced as part of
the 2015 IBBA surveys using the service multiplier and
unique object methods [42]. The population size of clients was
estimated through balancing the overall demand for commer-
cial sex of FSW with that of clients (see Data S1).
ART data for the Senegal population came from the World
Bank and UNAIDS [43,44] (Figure S2), suggesting ART cover-
age increased from negligible levels in 2000 to 40% of individu-
als living with HIV in 2015. For FSW, these coverage trends
were scaled up because the 2016 IBBA found 74% of FSW liv-
ing with HIV were virally suppressed (unpublished data from
2016 FSW survey [25]). ART recruitment rates were calibrated
to give the trends in ART coverage. Other HIV biological param-
eters came from literature (Table S2).
Uncertainty ranges were assigned to most model parame-
ters, with most parameters being fixed over time except for the
rate of ART recruitment, levels of condom use and frequency of
sex for MSM with their male partners, which data suggest
increased from 2007 to 2016 [21,25]. To incorporate uncer-
tainty, 10,000 parameter sets were randomly sampled from
their uncertainty ranges (Table S2 and Table 1). For each
parameter set, the model was run while including temporal
increases in condom use, ART coverage and the frequency of
sex for male MSM partners. Any run producing HIV prevalence
projections that agreed with early IBBA HIV prevalence data for
FSW (1990 or 1995) and clients (1999) and recent HIV preva-
lence data for young MSM from 2014 to 2016 were selected as
a model fit. These data suggested a HIV prevalence of 2.0 to
10.0% in 1990 and 5.0 to 15.0% in 1995 in FSW, 1.1 to 5.5% in
clients (1999) and 9.7 to 37.7% in MSM, with these prevalence
estimates shown in Figure 3 (data sources in Table S1). The
wide range for MSM is due to contrasting estimates from two
IBBA surveys in 2014 and 2016. Other HIV prevalence data for
all sub-groups are also shown in Figure 3. The model was not
calibrated to these data, but instead the data were used to vali-
date the accuracy of the model projections.
2.3 | Analyses
2.3.1 | Contribution of commercial sex and sex
between men to HIV transmission
To estimate the contribution of commercial sex between FSW
and clients and sex between men to the overall HIV epidemic (re-
ferred to as population attributable fraction or PAF), model fits
were used to estimate the proportion of new HIV infections that
would be prevented by setting the transmission probability for com-
mercial sex or sex between men to zero over a specific time period.
This was estimated for 1 or 10 years from1995, 2005 and 2015.
2.3.2 | Impact of existing interventions
Model fits were used to explore the likely impact of historical
increases in ART coverage and condom use on the evolution
of the HIV epidemic for different population sub-groups. This
was determined by re-running the model fits, but with no ART
and/or condom use.
2.3.3 | Impact of scaling up interventions
We then assessed the impact of increasing the coverage of
ART among MSM from 2017 to 2030, such that the proportion
of MSM living with HIV who are virally suppressed increases to
the same coverage as FSW (74%) by 2020. This increase in
ART coverage was also considered among low-risk individuals.
To capture the possible effect of introducing pre-exposure pro-
phylaxis for HIV (PrEP) and/or further increases in condom use,
we also investigated the impact of an intervention that reduces
an individual’s average risk of becoming HIV positive. This was
estimated by reducing by a third the susceptibility to HIV trans-
mission among (i) MSM, (ii) FSW or (iii) all low-risk individuals.
This is roughly equivalent to putting 40% of MSM on PrEP (as-
suming 85% effectiveness [46,47]), 50% of FSW on PrEP (as-
suming 66% effectiveness [47,48]) or reducing the number of
unprotected sex acts by 40% through increased condom use
(assuming 82.5% effectiveness per sex act). We also assumed a
scenario where both were achieved for MSM (PrEP and con-
dom use), reducing susceptibility by two-thirds.
2.3.4 | Uncertainty analysis
We performed linear regression analyses of covariance
(ANCOVA) [49] to determine which parameters contribute
most to the variability in the 10-year PAF estimates for com-
mercial sex and sex between men for 2015.
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Figure 2. Modelled condom use trends for (a) female sex workers
(FSW) and (b) men who have sex with men (MSM). (a) FSW condom
use with commercial partners for vaginal intercourse. Assume condom
use for anal intercourse is half that of vaginal intercourse for all years.
(b) MSM condom use with regular and casual male partners. We assume
some bias in reporting so all rates have been multiplied by a bias factor
of 0.7 to 1.0 – lower bound of 0.7 chosen to give overall lower bound
of 0.5, as seen in figure.
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3 | RESULTS
3.1 | Existing epidemiological insights
Two hundred model runs agreed with the HIV prevalence cali-
bration data from FSW, clients and MSM. Despite only being
calibrated to one-third of the prevalence estimates (5/17 data
points), these model fits agreed closely with observed HIV
prevalence trends for all groups (Figure 3). These model fits
suggest the HIV prevalence among FSW, clients and the adult
population has been in steady decline since the mid-90s, but
may have increased recently among MSM.
3.2 | Contribution of commercial sex and sex
between men to HIV transmission
For the 10 years from 1995, a median of 42.1% (2.5 to
97.5%, percentile range 23.7 to 59.0%) of new HIV
infections could have been prevented (10-year PAF) if the
risk due to sex between men had been removed over this
period, respectively, with this increasing to 64.1% (37.4 to
79.4%) by 2015 (Figure 4). The increase in the 10-year PAF
for sex between men in 2015 is due to the increase in the
frequency of AI sex acts between MSM over this time per-
iod. Much of this effect of MSM is due to their heterosex-
ual partnerships with females, such that removing this risk
prevents 37.1% (18.7 to 51.3%) of HIV infections over
10 years from 2015 (Figure 4). In contrast, the 10-year
PAF for commercial sex was 20.6% (7.3 to 38.7%) and
13.6% (4.8 to 35.0%) for 1995 and 2015 respectively (Fig-
ure 4). For sex between men, one-year PAFs were lower
than 10-year PAFs, but were similar for commercial sex
(Table 2).
The analysis of covariance showed that many parameters
contributed to the uncertainty in the PAF estimates (Data
S1).
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Figure 3. A comparison of model fits with HIV prevalence estimates from 1985 to 2020 for (a) female sex workers (FSW) (b) clients of
FSW, (c) younger men who have sex with men (MSM) (<30 years old), (d) older MSM (≥30 years old) and (e) female and (f) male overall adult
populations. Continuous black line shows median projections from all the model fits, with dashed lines and grey shaded areas showing 95%
credibility intervals. Red points and lines show data with 95% confidence intervals.
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3.3 | Impact of existing interventions
Model projections (Figure 5) suggest that if there had been
no ART scale-up since 2000, in relative terms, the HIV
prevalence in FSW in 2015 would have been 13.5% (6.1 to
23.8%) higher, 7.0% (4.0 to 11.0%) higher in MSM and
5.7% (2.2 to 10.2%) higher overall. In contrast, if condom
use had not increased in the mid- to late-1990s, the HIV
prevalence in MSM would have been 56.6% (27.9 to
160.3%) higher in 2015, 2.1 times (1.5 to 6.8) higher in
FSW and 60.2% (28.9 to 210.9%) higher in the general
population (Figure 5). In terms of new HIV infections, with-
out ART scale-up, 49.0% (32.3 to 71.3%) more HIV infec-
tions would have occurred in Dakar since 2000 when ART
was introduced, whereas without any condom use since the
mid-1980s, 66.5% (27.2 to 178.5%) more HIV infections
would have occurred.
3.4 | Impact of scaling up interventions
Scaling up ART among MSM such that 74% are virally sup-
pressed by 2020 (35.4% of MSM living with HIV are currently
virally suppressed) would decrease the overall HIV incidence
in Dakar by 14.7% (4.9 to 47.1%) by 2030 (Figure 6). If the
HIV susceptibility in MSM is also reduced by a third then inci-
dence would decrease by 43.9% (14.9 to 76.0%), while it
decreases by 68.3% (42.0 to 88.6%) if susceptibility reduces
by 66%. This captures what could be achieved from putting
40% of HIV-negative MSM on PrEP and reducing the number
of non-condom protected sex acts by 40%. However, further
decreases in FSW or general population susceptibility (by a
third) or increases in ART coverage in the general population
(so 74% are virally suppressed) will not add much more
impact, with these interventions in combination decreasing the
overall incidence by 82.4% (62.4 to 93.3%). This is due to the
small contribution of these groups to HIV transmission in
Dakar.
4 | DISCUSSION
Our findings suggest that unprotected anal sex between men,
both through individuals who identify as cis-male and TGW,
may be the main contributor to the HIV epidemic in Dakar,
Senegal, with up to 64% of new HIV infections being pre-
ventable if the HIV prevention and treatment needs of these
individuals could be met. Conversely, unlike other low HIV
prevalence settings in SSA, much fewer (<15%) HIV infections
are attributable to commercial sex between FSW and their cli-
ents [10,11,14]. The greater role of MSM in Dakar is partly
due to their greater number compared to FSW (1.2% of adult
males compared to 0.5% of adult females in 2015) and much
higher HIV prevalence (29.7% for MSM compared to 6.6% for
FSW in 2016), with this disparity being due to long-term pre-
vention activities among FSWs in Dakar, but not MSM. In
addition, the heterosexual activity of MSM is also important;
stopping this mode of transmission could prevent 37% of new
HIV infections from 2015 to 2025.
These results are useful for planning intervention strategies
going forward, with most impact being achieved from expand-
ing interventions among MSM, including cis-male and TGW.
These data suggest that increasing ART provision to MSM
could reduce HIV incidence by 15% if the proportion of MSM
living with HIV who are virally suppressed doubled from 35%
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Figure 4. Ten-year population attributable fraction (PAF)
for sex between men (blue), commercial sex (red), heterosexual
sex for men who have sex with men (MSM) (purple), non-com-
mercial sex for female sex workers (FSW) and their clients
(grey), and sex between low-risk groups (green). The PAF is
estimated as the proportion of all HIV infections prevented
over 10 years from 1995, 2005 or 2015 if the HIV transmis-
sion risk due to a specific type of sexual behaviour is
removed. The box plots signify the uncertainty (middle line is
median, limits of boxes are the 25% and 75% percentiles and
whiskers are 2.5% and 97.5% percentile range) in the PAF esti-
mates due to uncertainty in the model parameters.
Table 2. Population attributable fraction for sex between men and commercial sex. The population attributable fraction is defined
as the proportion of HIV infections prevented if the HIV transmission risk due to sex between men or commercial sex was
removed from 1995, 2005 or 2015 for 1 or 10 years
1995 2005 2015
PAF (1 year)
Sex between men 36.2% (21.5% to 52.5%) 28.9% (13.3% to 42.8%) 51.4% (27.3% to 66.7%)
Commercial sex 19.8% (8.3% to 38.7%) 21.6% (8.8% to 36.9%) 13.8% (5.1% to 31.1%)
PAF (10 years)
Sex between men 42.1% (23.7% to 59.0%) 44.6% (20.5% to 61.4%) 64.1% (37.4% to 79.4%)
Commercial sex 20.6% (7.3% to 38.7%) 20.3% (7.6% to 40.1%) 13.6% (4.8% to 35.0%)
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to 74%. In addition, reducing their susceptibility to HIV infec-
tion could also have important benefits, with the successful
introduction of PrEP among MSM possibly reducing HIV inci-
dence by a further 30 percentage points, and an expansion of
condom use having similar benefits. Such interventions, on
their own and in combination with ART scale-up have been
shown to be effective [46,50-53], cost-effective[54,55] and
feasible among MSM, and so their expansion should not be
delayed. As same-sex practices remain criminalized in Senegal,
and MSM face discrimination [56], it is also important that
effective stigma mitigation interventions are combined with
these interventions to ensure their effectiveness [25].
Our findings suggest little impact is achieved from reducing
risk or increasing ART coverage among other population sub-
groups, including FSW, further emphasizing the need to focus
new interventions on MSM. However, this is contingent on
sustained high levels of condom use and ART uptake among
FSW. That is, our results do not suggest that efforts should be
transferred from existing interventions to refocus on MSM
interventions, but rather that additional efforts are focused on
MSM. Indeed, our projections emphasize existing interventions
have had considerable impact, halving HIV prevalence com-
pared to what it could have been in 2017.
5 | STRENGTHS AND LIMITATIONS
Strengths of our analysis include the use of detailed setting-spe-
cific data from numerous bio-behavioural surveys among FSW,
their clients and MSM from 1985 to 2015, as well as two gen-
eral population surveys from 2005 and 2010. In addition, the
inclusion of MSM in our modelling improves on previous models
that have frequently ignored MSM based on assumptions of
decreased relevance across Sub-Saharan Africa [57], and rarely
included them in dynamic PAF estimates [9,58]. Lastly, another
key strength in our analyses is the accuracy of our model pro-
jections compared to data that were not fitted, which included
two-thirds of available HIV prevalence estimates.
Despite using best available data, this model has several
limitations. It did not incorporate any commercial sex among
MSM due to limited data. Fortunately, including commercial
sex among MSM would not have changed our general
results since the HIV infections would still be attributed to
same-sex practices. The model also did not explicitly include
TGW because of insufficient data to do so. However, the
2016 MSM survey used to parameterize and calibrate the
model included some TGW, as did the MSM size estimation
data used by the model, and so their contribution was cap-
tured to an extent by the model. Moving forward, these
analyses and associated bio-behavioural surveys need to
better assess gender identity to enable a better assessment
of their role in HIV transmission. The modelling was also
limited by uncertainty in many model parameters. In addi-
tion, differences in the condom use and behavioural mea-
sures used by studies made it hard to evaluate temporal
changes in risk. To account for these uncertainties, we asso-
ciated wide ranges to all uncertain parameters and trends
in condom use and risk behaviours, and used Bayesian fit-
ting methods to account for and constrain this uncertainty
through calibrating to HIV prevalence data. Importantly, our
findings were robust to this uncertainty.
Another limitation of our analysis was the relative simplicity
of the model with respect to HIV natural history, the portrayal
of ART and heterogeneity in sexual behaviours among each
sub-population. Although greater detail has been included in
other models, there is no consensus on the appropriate level
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Figure 5. Projections of the impact of removing existing levels of
antiretroviral therapy (ART) and condom use on HIV prevalence
trends for (a) female sex workers (FSW), (b) all men who have sex
with men (MSM) and (c) overall general population prevalence. Fig-
ures show baseline (median with 95% credibility intervals) trends,
and median trends with no effect of ART (median-blue) or no con-
dom use (median-orange).
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of complexity for specific models. One specific simplification is
not stratifying MSM by whether they normally have insertive
or receptive anal sex. This was done to avoid overly complicat-
ing the model, which should not have affected our results
because they have the same sexual behaviour with females;
the main indirect mechanism for MSM contributing to overall
HIV transmission.
Lastly, the model only considered Dakar. Although this limits
the generalizability of the findings, it does increase the likely pre-
cision of the modelling because we did not make generalizing
assumptions to produce an average portrayal of the Senegal epi-
demic. Despite the limited scope of the analysis, it is still likely
that the results are relevant to the whole of Senegal because the
HIV prevalence in MSM is generally high and increasing, while it
is lower and decreasing among FSW. In addition, our analyses
are also likely relevant to other West African settings with
growing epidemics in MSM, similar or lower HIV prevalence in
FSW [3,4], and similar reporting of heterosexual sex among
MSM [59–61].
6 | CONCLUSION AND IMPLICATIONS
Previous analyses have shown a large role for commercial sex in
some sub-Saharan HIV epidemics [10-14], but this is the first to
suggest that MSM, including individuals who identify as cis-male
and TGW, could also be having an important role in some lower-
and middle-income country settings, where other analyses have
suggested a small role [14,15,62]. This is likely due to the
different behavioural and epidemiological situation among MSM
in Dakar compared to these other settings. Although existing
interventions have been successful in reducing HIV transmission,
including early increases in condom use and recent scale-up of
ART among FSW, public health efforts are now needed to
address the ongoing unmet need among MSM. This unmet need
is resulting in MSM in Senegal and other settings in SSA experi-
encing uncontrolled HIV epidemics with high prevalence [57],
which is driving HIV transmission in this setting and could be
elsewhere. Scaling up prevention and treatment interventions
for MSM should now be a high priority, with these initiatives
needing to be sensitive to the legal context, and associated stig-
mas or discrimination that MSM experience. Without this policy
shift, the HIV epidemics among MSM in Senegal and elsewhere
in SSA are unlikely to decrease.
AUTHORS ’ AFF I L IAT IONS
1Population Health Sciences, Bristol Medical School, University of Bristol,
Bristol, UK; 2Department of Infectious Disease Epidemiology, Imperial College,
London, UK; 3Department of Epidemiology, Johns Hopkins Bloomberg School of
Public Health, Baltimore, MD, USA; 4Enda Sante, Dakar, Senegal; 5Institut de
Recherche en Sante, de Surveillance Epidemiologique et de Formations, Dakar,
Senegal; 6St Michaels Hospital, University of Toronto, Toronto, Canada; 7Divi-
sion de La Lutte Contre Le Sida et Les IST, Ministry of Health, Dakar, Senegal;
8Department of Health, National AIDS Council of Senegal, Dakar, Senegal; 9Col-
lege of Engineering, Mathematics and Physical Sciences, University of Exeter,
Exeter, UK
COMPET ING INTERESTS
The authors have no competing interests.
AUTHORS ’ CONTR IBUT IONS
PV, MCB, SB, SM and SS conceptualized the study. CM performed the model
analyses and wrote the first draft of the manuscript with PV. CM and LD devel-
oped the model and reviewed the literature for data sources for the model,
helped by the Senegal and JHU team. PV supervised the model analyses. SB,
SS, DD, CL, BL, NLD, FD, KC, RSMM, ST, PAND, CT and CN collected or con-
tributed data for the modelling. JW and LD undertook data analyses for param-
eterizing and calibrating the model. All authors contributed to data
interpretation, writing the manuscript and approved the final version.
ACKNOWLEDGEMENTS
FUNDING
This publication resulted in part from research funded by a supplement to
the Johns Hopkins University Center for AIDS Research, an NIH-funded pro-
gramme (P30AI094189) with support specifically from the Office of AIDS
Research (OAR). The programme also received support from Linkages across
the Continuum of HIV Services for Key Populations Affected by HIV project
(LINKAGES, Cooperative Agreement AID-OAA-A-14-00,045) and the parent
study HIV Prevention 2.0 (HP2): Achieving an AIDS-Free Generation in Sene-
gal (AID-OAA-A-13-00,089). The supplement, LINKAGES and HP2 received
support from the United States Agency for International Development
(USAID) and the U.S. President’s Emergency Plan for AIDS Relief (PEPFAR).
PV also acknowledges support from the National Institute of Health Research
Health Protection Research Unit in the Evaluation of Interventions. SM is
supported by a Canadian Institutes of Health and Ontario HIV Treatment
Network Research New Investigator Award. The content is solely the respon-
sibility of the authors and does not necessarily represent the official views
of any of the funding agencies.
REFERENCES
1. Pruss-Ustun A, Wolf J, Driscoll T, Degenhardt L, Neira M, Calleja JM. HIV
due to female sex work: regional and global estimates. PLoS One. 2013;8(5):
e63476.
O
ve
ra
ll 
H
IV
 in
ci
de
nc
e 
 p
er
 1
00
0 
py
rs
 
0.0
0.2
0.4
0.6
0.8
Ba
se
lin
e
Sc
ale
 up
 A
RT
 M
SM
 to
 74
% 
by
 20
20
Re
du
ce
 su
sc
ep
tib
ilit
y 
 of
 M
SM
 by
 a 
thi
rd
Re
du
ce
 su
sc
ep
tib
ilit
y 
 of
 M
SM
 by
 tw
o t
hir
ds
Re
du
ce
 su
sc
ep
tib
ilit
y 
 of
 FS
W
 by
 a 
thi
rd
Sc
ale
 up
 A
RT
 co
ve
rag
e 
 lo
w 
ris
k t
o 7
4%
 by
 20
20
Re
du
ce
 su
sc
ep
tib
ilit
y i
n 
 lo
w 
ris
k g
rou
ps
 by
 a 
thi
rd
Figure 6. Effect of changes in antiretroviral therapy (ART) coverage
or susceptibility to infection (due to pre-exposure prophylaxis
(PrEP) or increases in condom use) from 2017 to 2030 on overall
projected HIV incidence per 1000-person years in 2030. The plots
show median and 95% credibility intervals of the projections. Sce-
narios included are additive on top of the previous scenarios from
left to right, firstly including baseline projections, then projections
with scale-up of ART coverage in men who have sex with men
(MSM) from 2017 such that 74% of MSM living with HIV are virally
suppressed by 2020 (same as female sex workers (FSW)), reduce
susceptibility of MSM by 33% and then 66% (similar to increase
condom use or PrEP coverage in MSM), reducing susceptibility of
FSW by 33%, scale-up ART coverage in low risk such that 74% are
virally suppressed by 2020 and reduce susceptibility of low-risk
groups by 33%.
Mukandavire C et al. Journal of the International AIDS Society 2018, 21(S5):e25126
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25126/full | https://doi.org/10.1002/jia2.25126
20
2. Shannon K, Strathdee SA, Goldenberg SM, Duff P, Mwangi P, Rusakova M,
et al. Global epidemiology of HIV among female sex workers: influence of struc-
tural determinants. Lancet. 2015;385(9962):55–71.
3. Baral S, Beyrer C, Muessig K, Poteat T, Wirtz AL, Decker MR, et al. Burden
of HIV among female sex workers in low-income and middle-income countries: a
systematic review and meta-analysis. Lancet Infect Dis. 2012;12(7):538–49.
4. Beyrer C, Baral SD, van Griensven F, Goodreau SM, Chariyalertsak S, Wirtz
AL, et al. Global epidemiology of HIV infection in men who have sex with men.
Lancet. 2012;380(9839):367–77.
5. Beyrer C, Baral SD, Walker D, Wirtz AL, Johns B, Sifakis F. The expanding
epidemics of HIV type 1 among men who have sex with men in low- and mid-
dle-income countries: diversity and consistency. Epidemiol Rev. 2010;32:137–
51.
6. Leclerc PM, Garenne M. Commercial sex and HIV transmission in mature
epidemics: a study of five African countries. Int J STD AIDS. 2008;19(10):660–
4.
7. Case KK, Ghys PD, Gouws E, Eaton JW, Borquez A, Stover J, et al. Under-
standing the modes of transmission model of new HIV infection and its use in
prevention planning. Bull World Health Organ. 2012;90(11):831–8A.
8. Shubber Z, Mishra S, Vesga J, Boily MC. The HIV modes of transmission
model: a systematic review of its findings and adherence to guidelines. J Int
AIDS Soc. 2014;17:18928.
9. Vickerman P, Foss AM, Pickles M, Deering K, Verma S, Demers E, et al. To
what extent is the HIV epidemic in southern India driven by commercial sex? A
modelling analysis AIDS. 2010;24(16):2563–72.
10. Williams JR, Alary M, Lowndes CM, Behanzin L, Labbe AC, Anagonou S,
et al. Positive impact of increases in condom use among female sex workers and
clients in a medium HIV Prevalence epidemic: modelling results from project
SIDA1/2/3 in Cotonou, Benin. PLoS One. 2014;9(7):e102643.
11. Low A, Nagot N, Konate I, Meda N, Segondy M, Van de Perre P, et al.
Potential impact of existing interventions and of antiretroviral use in female sex
workers on transmission of HIV in Burkina Faso: a modeling study. J Acquir
Immune Defic Syndr. 2015;68 Suppl 2:S180–8.
12. Steen R, Hontelez JA, Veraart A, White RG, de Vlas SJ. Looking upstream
to prevent HIV transmission: can interventions with sex workers alter the
course of HIV epidemics in Africa as they did in Asia? AIDS. 2014;28(6):891–
9.
13. Mishra S, Sgaier SK, Thompson LH, Moses S, Ramesh BM, Alary M, et al.
HIV epidemic appraisals for assisting in the design of effective prevention pro-
grammes: shifting the paradigm back to basics. PLoS One. 2012;7(3):e32324.
14. Maheu-Giroux M, Vesga JF, Diabate S, Alary M, Baral S, Diouf D, et al.
Changing dynamics of HIV transmission in Cote d’Ivoire: modeling who acquired
and transmitted infections and estimating the impact of past HIV interventions
(1976–2015). J Acquir Immune Defic Syndr. 2017;75(5):517–27.
15. Volz EM, Ndembi N, Nowak R, Kijak GH, Idoko J, Dakum P, et al. Phylody-
namic analysis to inform prevention efforts in mixed HIV epidemics. Virus Evol.
2017;3(2):vex014.
16. Baral SD, Grosso A, Holland C, Papworth E. The epidemiology of HIV
among men who have sex with men in countries with generalized HIV epi-
demics. Curr Opin HIV AIDS. 2014;9(2):156–67.
17. Beyrer C, Sullivan P, Sanchez J, Baral SD, Collins C, Wirtz AL, et al. The
increase in global HIV epidemics in MSM. AIDS. 2013;27(17):2665–78.
18. Mannava P, Geibel S, King’ola N, Temmerman M, Luchters S. Male sex
workers who sell sex to men also engage in anal intercourse with women: evi-
dence from Mombasa, Kenya. PLoS One. 2013;8(1):e52547.
19. UNAIDS. Senegal Country factsheets. 2016. [cited 29 May 2018]. Available
from: http://www.unaids.org/en/regionscountries/countries/senegal.
20. Pisani E, Carael M. Acting early to prevent AIDS: the case of Senegal. In:
accessed 29 May 2018 http://data.unaids.org/publications/irc-pub04/una99-34_e
n.pdf editor. UNAIDS best practise collection. Geneva: UNAIDS; 1999. p. 1–23.
21. Wade AS, Larmarange J, Diop AK, Diop O, Gueye K, Marra A, et al. Reduc-
tion in risk-taking behaviors among MSM in Senegal between 2004 and 2007
and prevalence of HIV and other STIs. ELIHoS Project, ANRS 12139. AIDS
Care. 2010;22(4):409–14.
22. Wade AS, Kane CT, Diallo PA, Diop AK, Gueye K, Mboup S, et al. HIV
infection and sexually transmitted infections among men who have sex with
men in Senegal. AIDS. 2005;19(18):2133–40.
23. Drame FM, Crawford EE, Diouf D, Beyrer C, Baral SD. A pilot cohort
study to assess the feasibility of HIV prevention science research among
men who have sex with men in Dakar, Senegal. J Int AIDS Soc. 2013;16
(Suppl 3):18753.
24. do Espirito Santo ME, Etheredge GD. HIV prevalence and sexual behaviour
of male clients of brothels’ prostitutes in Dakar, Senegal. AIDS Care. 2003;15
(1):53–62.
25. Lyons CE, Ketende S, Diouf D, Drame FM, Liestman B, Coly K, et al. Poten-
tial impact of integrated stigma mitigation interventions in improving HIV/AIDS
Service delivery and uptake for key populations in Senegal. J Acquir Immune
Defic Syndr. 2017;74 Suppl 1:S52–9.
26. Wang C, Hawes SE, Gaye A, Sow PS, Ndoye I, Manhart LE, et al. HIV
prevalence, previous HIV testing, and condom use with clients and regular part-
ners among Senegalese commercial sex workers. Sex Transm Infect. 2007;83
(7):534–40.
27. Kane CT, Diawara S, Ndiaye HD, Diallo PA, Wade AS, Diallo AG, et al. Con-
centrated and linked epidemics of both HSV-2 and HIV-1/HIV-2 infections in
Senegal: public health impacts of the spread of HIV. Int J STD AIDS. 2009;20
(11):793–6.
28. Lepretre A, Ba I, Lacombe K, Maynart M, Toufik A, Ndiaye O, et al. Preva-
lence and behavioural risks for HIV and HCV infections in a population of drug
users of Dakar, Senegal: the ANRS 12243 UDSEN study. J Int AIDS Soc.
2015;18:19888.
29. DHS. Enque^te Demographique et de Sante Senegal 2005. 2005.
30. DHS-MICS. 2010-11 Demographic and Health Survey and Multiple Indica-
tor Cluster Survey. 2010.
31. Meda N, Ndoye I, M’Boup S, Wade A, Ndiaye S, Niang C, et al. Low and
stable HIV infection rates in Senegal: natural course of the epidemic or evidence
for success of prevention? AIDS. 1999;13(11):1397–405.
32. Laurent C, Seck K, Coumba N, Kane T, Samb N, Wade A, et al. Prevalence
of HIV and other sexually transmitted infections, and risk behaviours in unregis-
tered sex workers in Dakar, Senegal. AIDS. 2003;17(12):1811–6.
33. Kanki P, M’Boup S, Marlink R, Travers K, Hsieh CC, Gueye A, et al. Preva-
lence and risk determinants of human immunodeficiency virus type 2 (HIV-2)
and human immunodeficiency virus type 1 (HIV-1) in West African female pros-
titutes. Am J Epidemiol. 1992;136(7):895–907.
34. Ndoye I, Mboup S, De Schryver A, Van Dyck E, Moran J, Samb ND, et al.
Diagnosis of sexually transmitted infections in female prostitutes in Dakar, Sene-
gal. Sex Transm Infect. 1998;74 Suppl 1:S112–7.
35. Langley CL, Benga-De E, Critchlow CW, Ndoye I, Mbengue-Ly MD, Kuy-
pers J, et al. HIV-1, HIV-2, human papillomavirus infection and cervical neoplasia
in high-risk African women. AIDS. 1996;10(4):413–7.
36. Thior I, Diouf G, Diaw IK, Sarr AD, Hsieh CC, Ndoye I, et al. Sexually
transmitted diseases and risk of HIV infection in men attending a sexually
transmitted diseases clinic in Dakar, Senegal. Afr J Reprod Health. 1997;1
(2):26–35.
37. UNAIDS. HIV prevention needs and successes: a tale of three countries.
Geneva: UNAIDS; 2001. p. 1–19.
38. Niang CK, Tapsoba P, Weiss E, Diagne M, Niang Y, Moreau MA, et al. ‘It’s
raining stones’: stigma, violence and HIV vulnerability among men who have sex
with men in Dakar, Senegal. Cult Health Sex. 2003;5(6):499–512.
39. Geibel S, Tun W, Tapsoba P, Kellerman S. HIV vulnerability of men who
have sex with men in developing countries: Horizons studies, 2001–2008. Public
Health Rep. 2010;125(2):316–24.
40. Larmarange J, Wade AS, Diop AK, Diop O, Gueye K, Marra A, et al. Men
who have sex with men (MSM) and factors associated with not using a condom
at last sexual intercourse with a man and with a woman in Senegal. PLoS One.
2010; 5(10):1–7.
41. UNDP. United Nations, Department of Economic and Social Affairs, Popula-
tion Division. United Nations World Population Prospects: The 2015 Revision.
2015. [cited 29 May 2018]. Available from: https://esa.un.org/unpd/wpp/.
42. Paz-Bailey G, Jacobson JO, Guardado ME, Hernandez FM, Nieto AI,
Estrada M, et al. How many men who have sex with men and female sex
workers live in El Salvador? Using respondent-driven sampling and capture-
recapture to estimate population sizes. Sex Transm Infect. 2011;87(4):279–
82.
43. World-Bank. The Wolrd Bank Data, Antiretroviral therapy coverage (% of
people living with HIV). 2016.
44. UNAIDS-AIDSinfo. Treatment cascade data for Senegal. 2016. [cited 29
May 2018]. Available from: http://aidsinfo.unaids.org/.
45. Diouara AA, Ndiaye HD, Guindo I, Bangoura N, Cisse M, Edmond T, et al.
Antiretroviral treatment outcome in HIV-1-infected patients routinely followed
up in capital cities and remote areas of Senegal, Mali and Guinea-Conakry. J Int
AIDS Soc. 2014;17:19315.
46. McCormack S, Dunn DT, Desai M, Dolling DI, Gafos M, Gilson R, et al. Pre-
exposure prophylaxis to prevent the acquisition of HIV-1 infection (PROUD):
effectiveness results from the pilot phase of a pragmatic open-label randomised
trial. Lancet. 2016;387(10013):53–60.
47. Fonner VA, Dalglish SL, Kennedy CE, Baggaley R, O’Reilly KR, Koechlin FM,
et al. Effectiveness and safety of oral HIV preexposure prophylaxis for all popu-
lations. AIDS. 2016;30(12):1973–83.
Mukandavire C et al. Journal of the International AIDS Society 2018, 21(S5):e25126
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25126/full | https://doi.org/10.1002/jia2.25126
21
48. Hanscom B, Janes HE, Guarino PD, Huang Y, Brown ER, Chen YQ, et al.
Brief report: preventing HIV-1 infection in women using oral preexposure pro-
phylaxis: a meta-analysis of current evidence. J Acquir Immune Defic Syndr.
2016;73(5):606–8.
49. Briggs A, Claxton K, Sculpher M. Decision modelling for health economic
evaluation. Oxford, UK: Oxford University Press; 2006.
50. Cairns G, McCormack S, Molina JM. The European preexposure prophylaxis
revolution. Curr Opin HIV AIDS. 2016;11(1):74–9.
51. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, Vargas L, et al. Pre-
exposure chemoprophylaxis for HIV prevention in men who have sex with men.
N Engl J Med. 2010;363(27):2587–99.
52. Brookmeyer R, Boren D, Baral SD, Bekker LG, Phaswana-Mafuya N, Beyrer
C, et al. Combination HIV prevention among MSM in South Africa: results from
agent-based modeling. PLoS One. 2014;9(11):e112668.
53. Sullivan PS, Carballo-Dieguez A, Coates T, Goodreau SM, McGowan I, San-
ders EJ, et al. Successes and challenges of HIV prevention in men who have sex
with men. Lancet. 2012;380(9839):388–99.
54. Chen A, Dowdy DW. Clinical effectiveness and cost-effectiveness of HIV
pre-exposure prophylaxis in men who have sex with men: risk calculators for
real-world decision-making. PLoS One. 2014;9(10):e108742.
55. Nichols BE, Boucher CAB, van der Valk M, Rijnders BJA, van de Vijver D.
Cost-effectiveness analysis of pre-exposure prophylaxis for HIV-1 prevention in
the Netherlands: a mathematical modelling study. Lancet Infect Dis. 2016;16
(12):1423–9.
56. Arreola S, Santos GM, Beck J, Sundararaj M, Wilson PA, Hebert P, et al.
Sexual stigma, criminalization, investment, and access to HIV services among
men who have sex with men worldwide. AIDS Behav. 2015;19(2):227–34.
57. Smith AD, Tapsoba P, Peshu N, Sanders EJ, Jaffe HW. Men who have
sex with men and HIV/AIDS in sub-Saharan Africa. Lancet. 2009;374
(9687):416–22.
58. Boily MC, Pickles M, Alary M, Baral S, Blanchard J, Moses S, et al. What
really is a concentrated HIV epidemic and what does it mean for West and Cen-
tral Africa? Insights from mathematical modeling. J Acquir Immune Defic Syndr.
2015;68 Suppl 2:S74–82.
59. Aho J, Hakim A, Vuylsteke B, Semde G, Gbais HG, Diarrassouba M, et al.
Exploring risk behaviors and vulnerability for HIV among men who have sex
with men in Abidjan, Cote d’Ivoire: poor knowledge, homophobia and sexual vio-
lence. PLoS One. 2014;9(6):e99591.
60. Mason K, Ketende S, Peitzmeier S, Ceesay N, Diouf D, Loum J, et al.
A cross-sectional analysis of population demographics, HIV knowledge
and risk behaviors, and prevalence and associations of HIV among men
who have sex with men in the Gambia. AIDS Res Hum Retroviruses.
2013;29(12):1547–52.
61. Ruisenor-Escudero H, Grosso A, Ketende S, Pitche V, Simplice A, Tchalla J, et al.
Using a social ecological framework to characterize the correlates of HIV among
men who have sex with men in Lome,Togo. AIDS Care. 2017;29(9):1169–77.
62. Mitchell KM, Prudden HJ, Washington R, Isac S, Rajaram SP, Foss AM, et al.
Potential impact of pre-exposure prophylaxis for female sex workers and men
who have sex with men in Bangalore, India: a mathematical modelling study. J
Int AIDS Soc. 2016;19(1):20942.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
Data S1. Supplementary materials.
Table S1. Details of surveys used to parameterise and cali-
brate the model for different risk groups in Dakar
Table S2. (a) Demographic, sexual and behavioural parameters
of female sex workers, clients, MSM and low risk populations.
(b) HIV epidemiological parameters
Figure S1. Modelled condom use trends for female sex work-
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